Effects of Non-Uniform Beam-Filling on Rainfall Retrieval
for the TRMM Precipitation Radar

S. L. Durden, Z. S. Haddad, A. Kitiyakara, and F. K. Li

Jet Propulsion Laboratory
California Institute of Technology

To be submitted to: J. Atmos. Oceanic Tech.



selq JGNN Summo[[e ‘pasn Byep jo swnjoa oyj ur pue Adusnbaiy Y4 WINYIL Y3 e ©Yep JO 9su sjI Ul Jiom
snotaaad wody sisyip Apnjs sy, “erep YYWHV UOIIN[OSAI [eIUOZLIOY ISYIIY SY) WIOI] POASLIIAI sdjel Urel
ym jnsel oy} Suuredwiod pue ‘ejep YJ PIIR[NULS oY) WO d9el [[ejurel JUIAdLII ‘ejep FYVOD VOOL
YVINEY U3 Sutsn ¥4 WINHL 243 Surenus jo sysisuod Apnjs siyy 1o} AF0[0poyjoul oY ], '9AISQO [[I4
WINHL 18U} [[ejurel jo adAy ay) jo eotd4y oq 03 pajoadxe aIe YOIYM ‘SUISNSAS DAI}OIAUOD S[@ISOSSUL UBSIO
JO SJUSWILINSEIWI JAISUSIXS JO SISISUOD 31 osneddq soipnis Y4 WINHL 10} [e2p! st 39se3ep FYVOD VOOL
YVINYHYV oYL ‘(eoeyins oy Je w (0g) uorynfosai [elyeds 19339q A[erjuelsqns sey mq Yd WYL 273 se L1390
-wosg Sunjoo[-premumop pue Ad>usnbai] sures o} Yiim sajerodo 41 esnedaq Apnis e yons 10§ @3l STYVINUV
woyy eye ‘(7661 I01SqoM pue seynT ) juewriredxy ssuodsely uesd( pafdno) sreydsouwy [BqO[H) SuBa(
[eordouxy, oYy Suunp (YYWYHV) Iepey Suiddyp urey suioqity Td £/VSVN 93 £q permboe jas ejep odre|
e Susn spope JEAN JO 9InjeU [edsHye)s oYy ojut suoreSysoaut jiodar oy st reded sty jo ssodind oy,

“eyep Iepel peseq-diys Sursn wyjIoS[e oy} pajenjeas pue JHAN 03 dnp
soselq Surjoe1100 10§ wryytof[e ue pasodoid (9EAT) 1YPNS] pUR NZOY "9Yel UTRI PIASIIJAL SY} UI S3sBIQ pajoU
os[e Aoy, ‘S109h° JEN °YeN[eA? O 9SE) [[BJUTRI SAI}I9AUOD ® 10} BJEp Iepel paseq-punoid pue UOLYR[NIUIS
q10q pesn (966T) ‘I8 3° PMISSL, ISe0d JNUR[IY 'S'[) oY} JO UWII0S Urel ® I0f Iepel jJerdire SUI{OO[-IIpeu
e woxy eyep Suisn selq JGAN PoYen[eas (9661) [@ 19 JUSARWY puUe ‘@jep Iepel paje[nuils Fuisn S}O9P9
selq JEAN Porenfea (£661) ‘[8 1° dUsAeWY SWYIIOZ(E [RASLIISI JUSISJIP pUR SUOHM[OSII JUSISYIP 10}
SBIq [RASLIJOI 9} POJEN[BAS O] 'SUOIIRAIISGO IRPRI POSEq-pPUNOIS WIOIJ PIALISD BYRp [el pUe S[opOw [[ejurel
opduits y30q 10§ sese1q punoj oym ‘(T6T) BINWENEN Jo APNIs oY) SSPN[IUT WAIqoId STy} UO JIoM STOIARI]

"UOIIN]OSO1 19JOWIOIY [RISAdS [}IM SWRISAS 2ININY SB [[oM SB ‘SjUouIDINsesw YJ

JNIAYLL W seseiq asned p[nod JgNN 1eqs a[qissod st 11 ‘A[jusnbesuoy) ‘ury 6T SI 450D RIUITIIA 973 JO SULIO}S

OAT}I9AUOD 10} 9ZIS [[90 SAIFIPAUOD UEIPSUI Y} Jeyy punoj ‘ojdurexs 10f ‘(9861) uelsNy pue ysiypion ‘AIea

ueo s1ojourered [[ejurel YoIym ISAO0 9[eds oY} Uey} Isfre[ [[I38 ST 31 ‘SIOJOUIOIPEL 2ARMOIIW AOUsNDII} 1omO]

-0} poieduWIOD JUS[[SIXA SI SIPSUIONY [BISASS JO 9ZIS JULIAIO0] ® S[IYAA "WIY [ UBY} SIOW JO SISNSUWIRIP M
syutadyooj saey o} pajoedxa oq OS[e U PUE SHUIRIISUOD Ie[Iulls o0e] A[PNI] [[1M sIepel urel suioqadeds arning

“3UITYRJT] UOTSSTUI Poonpal PUe ‘MSIA JO P[oY SIUSWINIISUI I9Y30 Jo 6Je}I0[q PUE SSEUI PISBIIdUL ‘UOljenUs)je

[rejutel 1oySiy Sutpnpour ‘s)osye S[qelisepun paonpold Ay P[NOM SIOIOYD 3SAY} JO YOBY "OpNIIY[E JOMO] ® IO

‘guusjue 1ofre] ® ‘Aousnbory 10yS1y ® paimbol saey pnom juridjoo] IS[[RUWS € JO JUSUIASIYOE puR ‘WY ¢'F

st 1peu e juuadjooy YJ oY, 'seSeioae del [[ejurel soejins A[juow pue so[yoid [[ejurel 2jeaId o} pesn aq

[ ‘(¥ g) Tepey uoryejndosld oy} ‘JUSWNIISUL SIY], "UOIYRAISSGO [[eJUTel I0f Iepel suroqaoeds 51y oy A1red

% WINYL ‘syuswnisur oatssed o3 woyippe uf *(8861 ‘[¢ 10 uosdurig) s,066T [ 943 Ul (WINU.L) UOIsSIN

Suumsesyy [rejurey [eordol], 9yy Jo youne[ ay3 £q peduRYUS A[[enjuelsqus oq [[im sordory oy3 ul uotyejrdmaid

JO uoTRAIaSq() '§199Y° JE(IN 10§ 1291100 0} SnbIUYd} © s3pnpoul (FEG1) OISTD pue molswwny jo wyuIodre
[eas1131 aatssed oy, ‘(G661 YMHON pue ®H ‘g66T seaeln) siojourered [[ejures pajeuwlss oYy Ul soselq Isned

wed (JNN) Sul[[y-wesq WIOJUN-UOU Yong “jutidioo) oy urgyim Area ued s1ojourered [[ejurel ‘wy jo suaj 0}

dn s1eyowreIp Yim spurIdjoo] sARY SIHJOUIOIPERI 2ARMOITHI AoUSNbaI} 1omo] oy} asnedsq (9661 ‘T8 12 OIBld, )

uoryesrjdde STy} 10} Pasn ULaq APESI[E 9ARY SIOSUSS SABMOIIIUI dAISSEJ "d)eul[d pue sotureudp suaydsourye Jo

Surpuessiopun 10} juettodut st ‘sueado feardory oYy 1040 A[[eroadse ‘uotyejidosid Jo JusuraInsesw suloqededg

uorjonpoajuy |

‘seanpa001d wo13291100 s[durts Sutsn Aq padnpal oq ued s1fe JHAN e} s1eadde 9] ‘9oejins
3} IBIU DBJRUUISAIOPUN A[319A9S 9 UBRD pUR UWN[OY [[BJUTeI 91} JO do} 9y} Iesu JRYMIUIOS PIJRUIIISIIZA0
SI 9jelUTel aY) Jey) PUY 9\ ‘SHUSWISINSEIUI IEpRI UOIIN[OSAI 481y oY)} wIoIj paurejqo 9jel ulel afeisae Y
1M Y pore[nuIls oY} UIOI] 9181 UTRI PIASIIISI 3y} pereduwos pue mép YVINUY 941 Suisn suoijeasssqo YJ
WINALL, @Ye[nuiss o3 st goeordde mQ ga61 A[Ted Ul FYVOD VOOL Suump paamboe (YWYY) repey Jud
-dy wrey suloqity TJf/VSVN 24} wolj ejep Suisn joopo sTy) 9yeBysoaul apy "s[yoid ajel uTel paaslIlal
oy} serq Aewr wreaq YJ 9Y3 Jo Sul[Y WLOJIUN-UOU Jey} UINDUOd ST 3I3Y) ‘SJUSAS [[RJUrel JAIJOSAUOD SUWIOS JO
a[eds oy} ueyj Ieyeaid st wy ¢y Jo ozis jutzdjooy (gd) tepey uonyendraig WINHI SY) asnedsq -UoljeA
-195qO [[BJUrel 10} Iepel suloqededs 9siy 9y} Al1red [[im (WINY.1,) uotssijy Suunses]y [rejurey [eoidoiy, Sqf,

1eIIsqy



be used, and a technique for obtaining such a measurement is the Surface Reference Technique (SRT), first’
proposed by Meneghini et al. (1983). In the SRT a radar measurement of the ocean surface in a clear
area is compared with the measurement in the raining area. The difference in the measurements is assumed
to be due only to the rainfall attenuation and is taken to be the two-way PIA. The SRT-measured PIA
is then used as a constraint; the attenuation correction at the surface is made to equal that measured by
the SRT. The SRT forms the basis of the TRMM PR algorithm (denoted 2A25); however, the TRMM
algorithm also includes techniques for NUBF correction (described in part in Kozu and Iguchi 1996) and for
handling light rain, where the relative error in the SRT-measured PIA can be large (Iguchi and Meneghini
1994). Marzoug and Amayenc (1994) have also considered algorithms similar to the the Hitschfeld-Bordan
algorithm in combination with the SRT-measured PIA.

While details of the aforementioned algorithms vary, they are similar in principle. First,.the SRT is used
‘to estimate the PIA and develop corrections to the initial algorithm assumptions about the k — Ror Z — R
relations. Next, the retrieval process begins either at the top of the rain and works downward or at the
surface and works upward. The measurement at each range bin is corrected for attenuation using the results
from the previous range bins. All the algorithms were derived assuming that the rain within the resolution
cell is uniform. When rainfall is not uniformly distributed, one would like to retrieve the rain rate averaged
over the resolution cell. Obviously, this could be done using algorithms derived for the uniform case if the
measured PIA and reflectivity profile were those corresponding to the profile of average rain rate within the
beam. Unfortunately, because of the nonlinearity in the relations between reflectivity, attenuation, and rain
rate, the measured reflectivity profile and PIA may deviate from those corresponding to the average rain
rate. The method of Kozu and Iguchi (1996) uses the observed PIA and its variability to estimate the PIA
that corresponds to the average rain rate.

To understand the effects of NUBF, we can thus compare not only the rain rate retrieved from a space-
borne system with the average rain rate but also the observed PIA and reflectivity profile with those cor-
responding to the average rain rate profile. To see how NUBF can effect the PIA and reflectivity profile
observations, consider a two-dimensional slice of the atmosphere that has the width of a radar beam and
the height L of a typical storm (Figure 1). Assume that this region can be segmented into a uniform grid of
boxes whose dimensions are small enough that the rain rate can be considered uniform within each box. As
noted previously, when the rain rate is not distributed uniformly throughout the radar resolution volume,
the quantity to be retrieved is the horizontally averaged rain rate, i.e., = Zj‘f__l R; ;. where R;; is the rain
rate within the (7,7)*® box of the M x N grid 1 < j < M, 1< i < N. The two-way PIA corresponding to
the horizontally averaged rain rate is

N M ) B8
Ay = 107020 Zid e (3 50 Res) (4)

where the subscript ¢ denotes “true”. However, if one divided the echo power received from the surface
within this region by the power received from the surface under clear air (as done in the SRT), the apparent
attenuation A, that one would obtain (assuming a rectangular antenna gain pattern) should be equal to

]. M 0.2L N Rr?
A, = MZ (10‘ 2k 2 i e m‘) )

i=1

where the subscript a denotes “apparent”. Because of the non-linear dependence of attenuation on R, A;
and A, are generally not equal. In a simple example in which the beam is half-filled with rain and half
clear, Nakamura (1991) noted that the maximum observed PIA is 3 dB. However, the “true” PIA, which
corresponds to the average rain rate, can be much larger. Thus, the PIA and the path-averaged rain rate
(PARR) can be severely underestimated.

Next, we consider the effect of non-uniformity on the reflectivity. Near the top of the rain column,
attenuation can be neglected, and the apparent reflectivity, as measured by the spaceborne radar, would be

1
a— M ZaRg,j (6)
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rate to also be slightly overestimated. Figure 2 (a) shows the PIA error versus rain rate; it can be seen
that the PIA is always underestimated and that the error can become very large at high rain rates. The
PARR derived from the PIA would also be underestimated. The error in the near-surface reflectivity, using
equations 15 and 16, can be either positive or negative, as shown in Figure 2 (b). In evaluating 16, it was
assumed that the means of R and R, are equal. When the error in Figure 2 (b) is negative (underestimation),
the surface rain rate will be underestimated, since it is derived from correcting the near-surface reflectivity by
the apparent PIA, which is also underestimated. When the reflectivity is overestimated, the rain rate may be
either underestimated or overestimated, depending on which error dominates (overestimation of reflectivity
or underestimation of PIA). It can be seen in Figure 2 (b) the underestimation of reflectivity at high rain
rates is more severe in the case where the near-surface and path-averaged rain rates are independent, given
by 16.

4 Data Analysis Technique

To quantify the effects of NUBF on real radar data we need both spaceborne radar data and corresponding
high resolution data for comparison. Currently, such data are not directly available, so we take the approach
of simulating the spaceborne data using aircraft radar data, as was done by Amayenc et al. (1996). We
simulate TRMM PR observations over these data in two steps. First, the ARMAR data is resampled to a
uniform Cartesian grid; this is necessary because of aircraft motion, which cases the raw data to have non-
uniform sampling. The resampling is performed by dividing the atmosphere in 60 m thick horizontal slices.
The locations of the closest ARMAR measurements, along with the corresponding reflectivity are found for
each slice. Thus, for each slice we have a set of reflectivity measurements specified by their reflectivity and
location on the slice. We then construct a Delaunay triangulation and use linear interpolation to create a
set of uniformly sampled reflectivities over each slice. The combination of all the horizontal slices gives a
reflectivity volume with 60 m vertical spacing and 200 m horizontal spacing. The second step of the simulation
involves convolving a multi-dimensional Gaussian function with the resampled data. The Gaussian is chosen
so that it approximates both the range resolution (due to matched filtering in the receiver) and the two- .
way antenna pattern. One version of the simulation software uses a three-dimensional (3-D) Gaussian to
simulate the TRMM PR resolution volume in the range direction and both the alon-track and cross-track
dimensions. The other version uses a two-dimensional (2-D) Gaussian to simulate the PR range and along-
track resolution. The overall simulation approach taken here is similar to the 2-D approach described in
Amayenc et al. (1996), and the 3-D approach described in Testud et al. (1996).

In performing the convolution, there are several details to be considered. As discussed in Testud et al.
(1996), a general simulation method must compute the attenuation to each range bin in the simulated space-
borne radar data. However, in our case ARMAR and the TRMM PR have the same geometry and frequency.
Hence, the attenuation experienced by a simulated PR bin is essentially the same as the attenuation already
experienced by the ARMAR measurement. Consequently, we do not need to explicitly include attenuation in
the simulation procedure. The convolution is thus implemented directly on ARMAR reflectivity to produce
the PR reflectivity. The TRMM reflectivity Z,r is given by

7 [ Z(r)W(r)é(r)dr
T fVV(r)é'(r)dr

where Z is the ARMAR reflectivity, W(r) is the gaussian resolution function, r is the 2-D or 3-D spatial
location, and the integrals are computed over the 2-D or 3-D space corresponding to the PR resolution
volume. The function § is an indicator function which takes on the value zero when ARMAR data is missing
or invalid and unity when the ARMAR data is valid. This is useful in both the 2-D and 3-D codes when there
are along-track gaps in the data due, for example, to a change in the radar mode. The indicator function is
also needed in the 3-D code since ARMAR acquired data only over a relatively narrow +20° range of scan
angles. At the surface the ARMAR swath is more than twice the size of the PR footprint. However, at
higher altitudes, the simulated PR footprint in the 3-D software may partially lie in areas with no ARMAR

measurements.

(17)

When using a 3-D gaussian, it must be remembered that the ARMAR data used for a single TRMM
PR footprint was acquired over approximately a 10° variation in the ARMAR antenna scan direction. For
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rate is 21 mm/h. Figure 4 (b) shows the error (apparent minus true) in the PIA, near surface reflectivity, and
4 km reflectivity. The largest error is in the PIA, which is underestimated by nearly 4 dB in the convective
cell. This is the primary source of error in the surface rain rate estimate. The reflectivity near the surface
is slightly overestimated (0.4 dB), while the 4 km altitude reflectivity is overestimated by 1.7 dB.

Although studies of individual cases are useful, we choose, rather, to focus on statistics of NUBF biases
over TOGA COARE, shown in Figure 5 and summarized in Table 2. Figure 5 (a) shows histograms of the
errors in the radar observables, while Figure 5 (b) shows histograms of the rain rate errors. The number of
occurences for each bin is plotted on a base-10 logarithm scale, since there a large number of small errors
and only a small number of large errors. The total number of simulated PR footprints was 1779. The PIA
error is (Agp/A:), while the PARR error is the apparent rain rate minus the true rain rate. The apparent
quantities are always smaller than the true; i.e., a spaceborne radar would always underestimate PIA and
PARR. The maximum error is 12 dB for the PIA and 21 mm/h for the PARR. If we compute the average rain
rate over all 1779 footprints, we find that the apparent average is underestimated by 4.6%. The reflectivity
and rain rate at 4 km altitude are always slightly overestimated. The maximum overestimations are 5.5 dB
and 2.3 mm/h. In most cases, the overestimation is small; the average is overestimated by only 3.2%. The
near-surface reflectivity errors are both negative and positive, extending from -12.2 dB to +10.4 dB; the
mean is zero. The near-surface rain rate errors are more negative than positive and there are a few cases
with errors as large as -79 mm/h. The maximum positive error is much smaller at approximately 18 mm/h.
The average rain rate at the surface, computed over all 1779 footprints, is underestimated by 11%.

The histograms in Figure 5 show a large variability in the measurement errors. Presumably this 1s
related to the variability of rainfall within the spaceborne radar’s footprint. Figure 6 shows scatter plots
of the measurement errors versus the standard deviation of the high resolution measurements within the
footprint. In Figure 6 (a) the error in PIA is correlated with the standard deviation of the PIA with the
PR footprint. Largest errors occur when the PIA variability is large. There is, however, significant scatter
- with large standard deviations sometimes producing fairly small errors, indicating that the error depends on
other factors besides the standard deviation. One such factor is the mean PIA; in cases with large error, the
mean PIA is also typically large. In Figure 6 (b) the error in the 4 km altitude reflectivity is correlated with
the standard deviation of the high resolution 4 km altitude reflectivity. The near-surface reflectivity error
(not shown) was found to be poorly correlated with both the PIA and near-surface reflectivity standard
deviations.

6 Discussion

The observations presented in the previous section showed that the PIA and PARR are always underesti-
mated, while the reflectivity and rain rate at 4 km altitude are always overestimated. This was also found
in the model calculations presented in Section 3. The model calculations showed that for 50% variability
in rainrate, the PIA could be underestimated by 7 dB at 50 mm/h and 25 dB at 100 mm/h. The largest
observed PIA error is 12 dB, which is within the range predicted by the model for heavy rain. In contrast,
the observed maximum error in rain-top reflectivity was 5.5 dB, as compared with the model calculation of
0.4 dB for a rain rate standard deviation of 50%. One reason that the predicted and observed errors differ
more for rain-top reflectivity than PIA is that the PIA error is related to the variability of the PARR, while
the reflectivity error is related to the variability of the rain-top rain rate. The variability of rain rate within
individual layers can be greater than that for the PARR, as can be seen by considering rain with N layers,
all with mean rain rate p and standard deviation o. If the layers are perfectly correlated, we can consider
the rain to be acting as one layer with mean y and standard deviation o. On the other hand, if all layers
are independent, the PARR still has mean equal to p but standard deviation o/ V/N. Thus, if the rain is be-
having as several independent layers, for example, due to vertical shear of the horizontal wind, the standard
deviation of the PARR would be lower than for that of the rain rate in the individual layers. Considering the
data in Figure 6, the maximum relative standard deviation in PIA is about 125%. In contrast, the largest
reflectivity standard deviation is about 400%.

Table 2 and Figure 5 (e) showed that the near-surface reflectivity can be under- or overestimated, with
both types of error occurring frequently in the data. This is in agreement qualitatively with the model
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those corresponding to the horizontally averaged rain rate. We found that relative to the desired values,
the PIA is always underestimated, the rain-top reflectivity is always overestimated, and the near-surface
reflectivity is underestimated roughly as often as it is overestimated. The largest errors in magnitude occur
for the near-surface rain rate; over TOGA COARE the average is underestimated by 11%. We found that
the largest contributor to the rain rate error near the surface is the PIA error. A simple correction scheme
for the PIA was found to reduce the bias.
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Figure Captions

1.

Two-dimensional spaceborne radar beam as it intersects rain. The vertical axis is altitude and the
horizontal axis is distance across the radar footprint. :

Calculated NUBF errors (apparent minus true) for a lognormal rain rate. The error is shown as a
function of the mean rain rate; the standard deviation of the rain rate within the footprint is equal to

the mean rain rate. (a) PIA, and (b) near surface reflectivity. Solid line is perfect correlation, dashed

line is independence.

ARMAR data from TOGA COARE, acquired January 18, 1993. Vertical axis is altitude (8km) and
horizontal is along track distance (40 km). Reflectivity ranges from 10 dBZ (black) to 50 dBZ (white).

_ White horizontal line is return from ocean surface. Upper image is original high resolution data; lower

is result of TRMM PR simulation. Alignment between upper and lower is approximate.

Plots of quantities computed for the case in Figure 3. (a) True rain rate (so'lid), apparent rain rate
(dashed). (b) Errors in PIA (solid), rain-rop reflectivity (dashed), and near-surface reflectivity (dotted).

Histogram of NUBF errors over the TOGA COARE experiment. Errors are always apparent relative
to true; positive errors indicate that use of the apparent quantities causes overestimation relative to
the true quantities. (a) PIA (solid), reflectivity at 4 km altitude (dashed), reflectivity near surface
(dotted). (b) PARR (solid), rain rate at 4 km altitude (dashed), and rain rate near surface (dotted).

(a) Scatter plot of the PIA error versus the standard deviation of the high resolution path attenuation
within the footprint. (b) Scatter plot of the error in reflectivity at 4 km altitude versus standard
deviation of high resolution reflectivity at 4 km within the footprint.

Scatter plot showing relation between low-resolution observables and high resolution standard devia-
tion.
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